The capacity for sustained cell division within the plant meristem is a critical determinant of organ structure and performance. This capacity is diminished in mutants lacking the microtubule-associated protein CLASP and when brassinosteroid signaling is increased. Here, we discovered that CLASP is both targeted by and promotes activity of the brassinosteroid pathway in Arabidopsis root apical meristems. We show that enhanced brassinosteroid signaling reduces CLASP transcript and protein levels, dramatically shifts microtubule organization, and reduces the number of cells in the meristem. In turn, CLASP, which tethers sorting nexin 1 vesicles to microtubules, sustains brassinosteroid signaling by fostering retrieval of endocytosed BRI1 receptors to the plasma membrane. clasp-1 null mutants have dampened brassinosteroid (BR)-mediated transcriptional activity and responses. Global transcript profiling confirmed the collapse of cell-cycle activity in clasp-1 and identified CLASP-mediated hormone crosstalk. Together, these findings reveal an unprecedented form of negative feedback supporting meristem homeostasis.
INTRODUCTION
Whether to divide or differentiate is a critical decision for cells. In plants, the capacity for sustained cell division determines meristem cell number and organ size. Microtubule arrays are continually reorganized as cells progress through successive cycles of cell division and eventually undergo terminal expansion and differentiation. The succession of microtubule arrays across the cell cycle is well characterized [1] . Recently, prominent microtubule bundles that appear early in interphase at transverse cell edges have been linked to the capacity of root apical meristems to sustain cell production [2] . The formation of these transfacial microtubule bundles, so-called because they span the outer periclinal and anticlinal cell faces of epidermal cells, is dependent on the microtubule-associated protein CLASP. Transfacial microtubule bundles are absent in clasp-1 mutants, which lack CLASP expression, and instead microtubules form predominantly transverse arrays after cytokinesis and cells exit the division zone prematurely [2] . In clasp-1 mutants, both root [2] and shoot [3] apical meristems are reduced in size. Identifying the mechanisms controlling CLASP expression and activity is thus a key to understanding meristem homeostasis.
Enhanced brassinosteroid (BR) signaling can induce premature exit of meristematic cells from the division zone of Arabidopsis roots [4] [5] [6] . The similarity of this BR-specific response to clasp-1 loss-of-function phenotypes prompted us to hypothesize that CLASP in the root apical meristem is negatively regulated by BR signaling. We also sought to understand how CLASP levels are sustained throughout the division zone. In BR-insensitive bri1-116 mutants, meristem size is greatly reduced due to impaired cell-cycle progression [3] . Thus, whereas high levels of BR are inhibitory, low levels promote cell production, suggesting that BR signaling needs to be finely balanced to maintain cell production in the meristem. One way to balance BR signaling is by modulating the activity of the BR receptor BRI1 [7] . BRI1 undergoes endocytosis-mediated recycling [8, 9] , and has been identified as a cargo of the sorting nexin 1 (SNX1) retromer complex [10] . Intriguingly, it is known that CLASP interacts directly with and tethers SNX1 vesicles to cortical microtubules to maintain the auxin efflux carrier PIN2 at the plasma membrane [11] . In this study, we investigated cellular and genetic mechanisms underlying the interplay between CLASP and BR signaling during meristem development from the dual perspective of BR regulating CLASP expression and CLASP's role in modulating BRI1-mediated signaling.
RESULTS

CLASP Mediates BR-Induced Microtubule Reorganization
To measure the effects of BR on cortical microtubule organization in the root apical meristem, we exposed Arabidopsis thaliana (legend continued on next page) seedlings expressing a fluorescent reporter of microtubules to the synthetic BR 2,4-epibrassinolide (eBL). Prominent transfacial microtubule bundles (TMBs) spanning the outer periclinal and transverse anticlinal cell faces of epidermal cells accounted for a predominantly longitudinal orientation (with respect to the root axis) in mock treatments ( Figures 1A and 1C ). Exposure to 10 nM eBL prevented TMB formation and caused microtubules to be oriented predominantly transversely ( Figures 1A and 1C) . Although 2-and 4-hr treatments had no obvious effect, reorganization was detected after 6 hr and judged to be complete; longer treatments of up to 24 hr showed no significant further changes ( Figures 1A and 1C ). This response mimics the microtubule patterns of clasp-1 null mutants [2] . Importantly, eBL application to clasp-1 mutants had no additive effects ( Figures 1B and 1C) , suggesting that CLASP is involved in eBL-mediated changes in microtubule organization. In the BR-insensitive mutant bri1-5 [12] , microtubules also remained unaltered after eBL treatments ( Figure 1D ), indicating that the reorganization requires activation of the BR signal transduction pathway via the BRI1 receptor.
Based on the similar microtubule patterns in clasp-1 mutants and eBL-treated wild-type ( Figures 1A-1C) , along with previous knowledge that CLASP's distribution to transverse cell edges is associated with TMB formation [2] , we hypothesized that eBL treatments would reduce CLASP expression and alter its subcellular distribution. In mock treatments, GFP-CLASP, driven by its endogenous promoter and fully complementing a clasp-1 null mutant phenotype [2, 13] , maintained prominent punctae along the transverse edges of epidermal cells (Figures 1E and S1 ; Video S1). Exposure to 10 nM eBL for 6 hr or longer reduced GFP-CLASP's association with transverse edges ( Figure 1E ; Video S2). Shorter treatments of 2 and 4 hr had no detectable effect ( Figure S1 ). In the bri1-5 mutant, eBL treatment did not shift the GFP-CLASP distribution ( Figure 1F ), which is consistent with the unchanged microtubule organization ( Figure 1D ). To quantify the CLASP distribution changes, we calculated the intensity of GFP-CLASP fluorescence on transverse edges of all cells within the division zone of single epidermal files ( Figure 1G ). This confirmed that eBL causes a loss of CLASP from transverse edges, and that no change in intensity occurred in bri1-5.
By measuring relative fluorescence as a proxy for CLASP protein levels, we determined that eBL treatment reduced GFP-CLASP by approximately 25% ( Figure 1H ). GFP-CLASP levels in the bri1-5 mutant were not reduced by eBL treatment ( Figure 1H ). These observations indicate that BR affects root meristem microtubule patterns by reducing CLASP levels.
BR Reduces CLASP Gene Expression in a BRI1-Dependent Manner To determine whether the eBL-induced decrease in CLASP protein-related fluorescence is caused by a direct effect on CLASP protein or on gene transcription, we used the CLASP promoter to drive expression of GFP alone. A 24-hr treatment with 10 nM eBL caused an approximately 20% reduction in CLASP pro :GFP fluorescence ( Figures 1I and 1K ) but had no effect on CLASPpro:GFP fluorescence in the bri1-5 mutant background ( Figures 1J and 1K) . Furthermore, eBL treatments did not reduce the fluorescence emitted by YFP-CLASP driven by the constitutive 35S promoter [14] , indicating that the CLASP promoter is specifically required for the eBL-induced reduction in CLASP protein levels ( Figures 1L and 1M ). Finally, using qRT-PCR analysis of total RNA derived from the root tip, we observed that 10 nM eBL reduced CLASP transcript levels by about 30% after 6 hr ( Figure 1N ), which is similar to the reductions in GFP-CLASP fluorescence intensity ( Figure 1H ). Taken together, these results demonstrate that BRI1-mediated BR signaling affects CLASP at the transcript level and not through effects on protein stability.
BZR1 and BES1 Directly Bind to the CLASP Promoter and Repress Its Activity
The BR-activated transcription factors BZR1 and BES1 function both synergistically and independently to regulate gene expression [15, 16] . Sequence analysis of the 2-kb CLASP promoter revealed several putative target motifs for BZR1 and BES1, including one BRRE element [17] À1,500 to À1,495 bp upstream of the translation start codon, and several E boxes [18] (Figures  2A and S2A ). Electrophoretic mobility shift assays (EMSAs) showed that BZR1 (Figures 2B and 2C) and BES1 ( Figure S2B ) could bind to the P3 (À1,531 to À1,482) but not the P1 (À346 to À309) or P2 regions (À1,330 to À1,278), as evidenced by the shifted P3 bands ( Figures 2B and S2B ). When we mutated the P3 probe (mP3) by replacing the BRRE motif (CGTGTG) with AAAAAA, which simultaneously damaged the adjacent (E and F) eBL treatment induces the reduction of GFP-CLASP at transverse cell edges (arrowhead in mock) in a CLASP pro :GFP-CLASP-complemented clasp-1 line (E; see also Figure S1 and Videos S1 and S2) but not in bri1-5 clasp-1 (F). Arrowheads in (E) indicate longitudinal GFP-CLASP. (G) Transverse edge GFP-CLASP fluorescence in 6-and 24-hr mock and eBL-treated wild-type and 24-hr-treated bri1-5. Note that acquisition settings for wild-type (E) and bri1-5 (F) were not equivalent. Error bars show 95% confidence intervals. All cells from 3 meristematic epidermal cell files from at least 10 roots were measured for each genotype and treatment. Asterisks denote significance differences between mock and eBL treatments as assessed by the MannWhitney U test (***p < 0.001). E box due to the CGTG overlap, no band shift was detected and mP3 failed to out-compete the binding activity ( Figures 2C  and S2B ). These results demonstrate that both BZR1 and BES1 target the CGTG sequence of the CLASP promoter.
We next determined that BES1 binding to the CLASP promoter is required for in planta downregulation of CLASP by BR. GUS enzyme activity assays were carried out in Nicotiana benthamiana leaves [19] in which the CLASP promoter sequence was used to drive expression of the GUS-encoding gene. Co-expression of CLASP pro :GUS with both 35S pro :GFP-BZR1 and 35S pro :BES1-GFP ( Figure S2C ) resulted in reduced GUS activity relative to a 35S pro :GFP negative control ( Figure 2D ). To further test whether physical binding of the transcription factors to the CLASP promoter is required for repression, we drove GUS expression with the CLASP promoter harboring a CGTGTG-to-AAAAAA mutation at the BRRE motif. Overexpressing BZR1 or BES1 did not significantly inhibit the CLASP mpro :GUS-dependent GUS activity ( Figure 2D ).
BR Signaling Reduces Root Meristem Size by
Repressing CLASP Expression Having established that BZR1 and BES1 negatively regulate CLASP expression, we predicted decreased CLASP expression and a reduction in meristem size in the gain-of-function allele of BZR1, bzr1-1D, which, through increased dephosphorylation, mimics constitutive BR signaling [20] . In the root tips of bzr1-1D relative to wild-type, CLASP mRNA levels were about 40% lower ( Figure 3A ) and GFP-CLASP fluorescence intensity was about 30% reduced ( Figures 3B and 3C ). Importantly, these results demonstrate that when endogenously activated, BR signaling downregulates CLASP expression to a similar extent as exogenously applied eBL.
To determine the relevance of BR repression of CLASP to meristem development, we compared meristem length and cell number in bzr1-1D, clasp-1, and bzr1-1D clasp-1 double mutants. Consistent with previous studies with gain-of-function bes1-D mutants [4, 16] , bzr1-1D mutants had shorter root apical meristems comprising fewer cells ( Figures 3D, 3E , and S3). Although meristem length and cell number were further reduced in clasp-1 mutants in comparison to bzr1-1D, for both parameters we found no statistically significant difference between the clasp-1 single and bzr1-1D clasp-1 double mutants ( Figures 3D and 3E) . By showing that constitutive activation of BR signaling is of no consequence if CLASP levels are already depleted, these results indicate that transcriptional repression of CLASP is the primary function of the BR signaling pathway with regard to meristem proliferation.
CLASP Maintains BRI1 at the Plasma Membrane BRI1 has been identified as cargo in SNX1 endosomes [10] , and it is known that by tethering SNX1 vesicles to microtubules, , and the three promoter fragments that were biotin labeled and used as probes (P1-P3) in the electrophoretic mobility shift assay (EMSA) (see also Figure S2A ). Maltose-binding protein (MBP)-fused BZR1 and BES1 were expressed in Escherichia coli cells, affinity purified, and incubated with P1-P3 (see also Figure S2D ). CLASP fosters the recycling of the auxin efflux carrier PIN2 to the plasma membrane [11] in opposition to the BLOC1-mediated degradation pathway [21] . To test the prediction that CLASP also facilitates BRI1 recycling, we crossed the clasp-1 mutant with a reporter line that expresses BRI1-GFP under the control of the native BRI1 promoter [8] . We consistently observed accumulation of BRI1-GFP in intracellular compartments in clasp-1, which was rarely observed in wild-type plants. Incubating seedlings with the endocytic tracer FM4-64 [22, 23] provided evidence that these intracellular compartments were lytic vacuoles; FM4-64 labeled the tonoplast surrounding the intracellular BRI1-GFP signal ( Figure 4A ).
We next demonstrated that BRI1-GFP vacuolar accumulation coincides with its loss from the plasma membrane. To do this, we calculated the ratio of plasma membrane-to-intracellular GFP fluorescence intensity after incubating seedlings in the dark for 4 hr. Dark treatment reduces acidity within the vacuolar lumen and hence the loss of GFP fluorescence that occurs under light conditions [24] . BRI1-GFP was detected in intracellular compartments in dark-treated wild-type roots ( Figure 4B ) in accordance with a previous study [22] . There was, however, a three-fold reduction in the ratio of plasma membrane to intracellular fluorescence in clasp-1, indicating that CLASP is required to maintain high levels of BRI1 at the plasma membrane ( Figure 4C ). To assess CLASP's role in BRI1 recycling, we treated the clasp-1 and wild-type BRI1-GFP reporter lines with Brefeldin A (BFA), which has been shown to relocate BRI1 into aggregated endosomes [8] . Internalization of BRI1-GFP occurred normally in clasp-1 mutants, demonstrating that the endocytosis of BRI1-GFP was not affected ( Figure 4D ). In contrast, recovery from BFA was impeded in clasp-1; 2 hr after removal of BFA, BRI1-positive BFA compartments were still present in about 50% of the clasp-1 cells compared to only 10% of the wild-type cells ( Figures  4E and 4F) . These results strongly support our hypothesis that CLASP promotes recycling of endocytosed BRI1 to the plasma membrane, thus protecting BRI1 from vacuolar degradation.
In addition to analysis of CLASP's effects on BRI1 protein levels and distribution, we found BRI1 expression in clasp-1 mutants to be approximately 65% that of wild-type levels (Figure 4G) , suggesting that CLASP has a positive effect on BRI1 transcription.
To test whether CLASP's role in maintaining BRI1 levels is linked to its association with microtubules, we used the drug oryzalin to depolymerize microtubules, including the CLASPdependent transfacial bundles. Elimination of microtubules (Figure S4 ) greatly depleted BRI1-GFP abundance at the plasma membrane ( Figures 4H and 4I ), indicating that microtubules play a prominent role in stabilizing the membrane localization of BRI1.
clasp-1 Mutants Exhibit a Dampened Response to BR at the Transcriptional Level
Because BRI1 abundance at the plasma membrane is correlated with activation of the BR signal transduction pathway [25] , we predicted that BRI1-dependent transcriptional responses would be dampened in clasp-1 mutants. To test this, we used RNA sequencing (RNA-seq) to compare changes in global gene activity in the root tips of clasp-1 and wild-type and to identify changes in gene expression that occur upon exposure to eBL.
Multidimensional scaling cluster analysis revealed that clasp-1 and wild-type root tips are transcriptomically distinct and that the transcriptional difference was greater than the transcriptional shift in response to treatment with eBL within either genotype ( Figures S5A and S5B ). In addition, a greater number of genes were differentially expressed in clasp-1 in response to BR ( Figure S5C ), which indicates a misregulation of BR response or signaling.
Using co-expression clustering analysis, we identified dominant patterns of gene activity representing transcripts that accumulated in either the clasp-1 or wild-type root tips ( Figure 5A ). clasp-1 root tips were enriched for several biological processes that are normally downregulated by BR. Gene ontology (GO) terms related to BR biosynthesis (log 10 p = À30.26), BR signaling (log 10 p = À11.02), and BR response (log 10 p = À5.14) were enriched in the clasp-1 and not in wild-type root tips ( Figure 5B) . Genes with promoters containing BR signaling-related motifs, including a general BES1-binding motif (VCACGTGDV), BEE2 (CAYRTG), BMI1 (CRYGTGHBN), and two BZR1-binding motifs (VNDVCACGTGDVHH, HRCACGTGDVV), were specifically enriched in clasp-1 roots ( Figure 5C ). Targets of BZR1 are normally expressed at a lower level in the meristematic zone of the developing root [6] . Examination of the expression levels of target genes of BZR1 [28] ( Figure 5D ) and BES1 [29] (Figure 5E ) revealed distinct clusters of genes that are normally expressed at low levels in wild-type root tips that are expressed at higher levels in the clasp-1 root tips. We also detected clusters of BZR1 and BES target genes that were highly expressed in wild-type root tips but expressed at a lower level in clasp-1 root tips ( Figures 5D and 5E ). These results indicate that eBL was less effective at repressing or inducing gene expression in clasp-1 roots.
To gain better insight into transcriptional control of BR signaling in clasp-1, we examined DWF4, a BR biosynthesis gene that is well known to be downregulated by BL [15, 17] . DWF4 transcript levels were $3-fold higher in clasp-1 compared Table S1 ). Expression of DWF4 was reduced by only 44% in eBL-treated clasp-1 root tips in comparison to a 69% reduction in wild-type root tips (qPCR; Figure 5G ). Interestingly, DWF4 falls within the cluster of genes that have higher expression in clasp-1 regardless of treatment, supporting our observations that many genes involved in BR homeostasis are misregulated in clasp-1 roots. Increased DWF4 expression has similarly been observed in bri1 mutants [30] , consistent with BRI1 being reduced in clasp-1 at both the transcriptional ( Figure 4G ) and protein level ( Figure 4C ). Taken together, these results suggest that a BR response, especially that mediated by BRI1, is dampened in clasp-1 root tips, resulting in widespread transcriptional misregulation and possibly a failure to reduce the expression of key genes in response to exogenous BR treatment.
clasp-1 Mutants Are Transcriptionally Defective in Hormonal Regulation of Meristem Development and Function
The transcriptional changes in the clasp-1 root tip strongly reflect its reduced meristem size. We examined how the clasp-1 phenotype is reflected by its distinct transcriptome by performing GO term enrichment on genes expressed more highly in either clasp-1 or wild-type ( Figures 5A and 5B) . The processes of meristem organization (log 10 p = À10.90), cell-cycle regulation (log 10 p = À13.29), and cell division (log 10 p = À9.63) were all enriched in the population of genes that have lower expression in clasp-1 compared to the wild-type ( Figure 5B ). Conversely, key genes known to be involved in inhibition of meristem size, including the cytokinin-stimulated ARR1 and its downstream targets SHY2 and GH3.17 [27] , which lead to an auxin minimum at the transition zone, were more highly expressed in clasp-1 mutants (Figures 5I and 5J ; Table S2 ).
Consistent with high auxin activity in the clasp-1 root apical meristem, resulting from depletion of the PIN2 auxin transporter [11] , the GO terms for auxin response (log 10 p = À18.39) and transport (log 10 p = À8.75) were higher in clasp-1 roots compared to wild-type ( Figure 5B ). The AUXIN RESPONSE FACTOR 5 (ARF5)-binding motif (VCCGACMD) was enriched in promoters of genes that were more highly expressed in clasp-1 roots (Figure 5C ). Auxin signaling has been shown to be impaired in the absence of proper BR biosynthesis [31] , and auxin and BR act antagonistically to modulate root growth and development [6] . BR biosynthesis is also directly affected by auxin at the transcriptional level, which mediates the effect of BR signaling on DWF4 expression and root growth [32, 33] . Figure 5J integrates the findings of our transcriptome, BRI1 trafficking, and CLASP gene regulation analyses to illustrate CLASP's central role in meristem size determination.
BR-Gibberellin (GA) crosstalk is also affected in the clasp-1 mutant root tip. Genes more highly expressed in clasp-1 roots are enriched for GA response (log 10 p = À54.6329) ( Figure 5B ). The binding motif for RGA-LIKE2 (KTWCRGHN), a negative regulator of GA signaling [34] , was enriched in the promoters of genes expressed highly in wild-type root tips but at a low level in clasp-1, indicating that GA signaling is impaired in clasp-1 root tips. GASA1 (GA-responsive GAST1), which is regulated antagonistically by BR and GA [35] , was neither expressed in wild-type root tips in the mock treatment nor in response to eBL. GASA1 expression in clasp-1 root tips, however, was dramatically higher, regardless of eBL treatment ( Figure 5H ). The increased expression of GASA1 in clasp-1 root tips is similar to its increased expression in bri1 mutant plants [35] . Taken together, clasp-1 root tips exhibit a dampened BR response, leading to misregulation of cytokinin, auxin, and GA signaling, all of which impinge on meristem size determination, thus having severe consequences for root growth and development.
clasp-1 Mutant Meristems Have Reduced Sensitivity to BR
Consistent with altered BRI1-mediated signaling in clasp-1 mutants, we found differences in the extent to which eBL inhibits root meristem size and cell number. In wild-type, exposure to 10 nM eBL from time of germination reduced wild-type meristem cell number and meristem length by 75% and over 50%, respectively, whereas the same treatment only reduced clasp-1 meristem cell number and length by approximately 30% and 20%, respectively ( Figures 6A-6C and S6A ). We also found that inhibition of relative root length by eBL at concentrations at or above 10 nM was diminished in clasp-1 mutants (Figure 6D ), indicating that clasp-1 mutants have reduced sensitivity to exogenous eBL with regard to root growth inhibition. In order to rule out the possibility that the clasp-1 roots have a limited capacity for further growth inhibition, we measured their response to methyl jasmonate. In contrast to eBL, methyl jasmonate inhibited root growth to the same extent in clasp-1 mutants as in wild-type ( Figure S6B ).
Consistent with CLASP modulating BR signaling responses specific to cell division, we found no evidence for CLASP's (F) Quantification of DWF4 in mock (EtOH) and eBL-treated wild-type and clasp-1 root tips. Error bars indicate the 95% confidence interval as determined using the Cufflinks suite for transcript abundance calculations [26] . Significance is indicated with different letters based on pairwise comparisons of transcript accumulation using Cuffidff [26] . See also Table S1 . (G) Relative accumulation of DWF4 in clasp-1 and wild-type root tips in response to eBL. 6-day-old wild-type and clasp-1 roots were treated with 10 nM eBL or EtOH for 6 hr. qRT-PCR analysis of relative DWF4 expression was performed; data shown are DWF4 expression relative to EtOH mock controls. MUSE3 (At5G15400) was used as a reference gene. Error bars show SE; n = 2; asterisks demonstrate t test results, with ***p < 0.05. (H) Quantification of GASA1 in mock (EtOH) and eBL-treated wild-type and clasp-1 root tips. Error bars indicate the 95% confidence interval as determined using the Cufflinks suite for transcript abundance calculations [26] . Significance is indicated based on pairwise comparisons of transcript accumulation using Cuffdiff [26] . (I) Heatmap of key genes involved in BR biosynthesis, BR response/signaling, and auxin and cytokinin responses. Z scores are displayed; color scale maxima indicate ± 2s from the mean. (J) Model illustrating the function of CLASP and hormone pathways in modulating meristem development. By maintaining BRI1 at the plasma membrane, CLASP promotes BR-mediated meristem growth. Red ovals represent genes that have higher expression in clasp-1 compared to wild-type. Increased expression of these genes leads to diminished meristem size through changes in cytokinins, auxin, and BRs. Conversely, blue ovals indicate that proteins promoting normal meristem growth are less abundant at the plasma membrane in clasp-1. The cytokinin pathway is adapted from Figure 8 in [27] . FPKM, fragments per kilobase of transcript per million reads mapped. See also Tables S1 and S2. involvement in BR-mediated organ elongation. Because cell division is of profound importance to root [36] but not hypocotyl elongation, we plotted the effects of a wide range of eBL concentrations on relative root and hypocotyl lengths. Whereas eBL concentrations greater than 1 nM caused more extensive inhibition of root elongation in wild-type compared to clasp-1 ( Figure 6D ), eBL at all concentrations stimulated wild-type and clasp-1 relative hypocotyl elongation to the same extent ( Figure 6E ).
DISCUSSION
Our research has uncovered a negative feedback loop involving the microtubule-associated protein CLASP and the BR signal transduction pathway that sustains proliferative cell division in the root apical meristem. This robust regulatory system is especially intriguing because of CLASP's diverse but interconnected functions. CLASP's ability to rescue microtubule catastrophe events is consistent with its promotion of transfacial microtubule bundle formation and CLASP's own accumulation at the newly formed, sharp, transverse cell edges of epidermal cells [2] . Transfacial bundles are, in turn, highly correlated with maintaining cell-division competence. CLASP's downregulation by the BR-activated BZR1 and BES1 transcription factors is associated with the loss of transfacial microtubule bundles at the sharp transverse cell edges, resulting, by default, in the establishment of transversely oriented cortical microtubule arrays and CLASP's accumulation along longitudinal cell edges. In addition, by tethering SNX1 vesicles to cortical microtubules [11] , CLASP promotes the recycling and activity of the BR receptor BRI1. By analogy to a predator-prey relationship, any reduction in CLASP levels will dampen the BRI1-mediated signaling and thus prevent a precipitous drop in CLASP levels, which would lead to premature exit from the cell cycle.
It is well established that BR homeostasis, which is achieved through biosynthesis [15, 30] , metabolism [37] [38] [39] [40] [41] , and BRI1 transcription [42] , is under tight feedback control by the BRI1 signaling pathway. Although we have no clear explanation for the slight reduction in BRI1 transcript levels detected in clasp-1 mutants by qRT-PCR, our working model illustrates a possible combinatorial role for CLASP in BRI1 transcription as well as recycling ( Figure 5J ). In contrast, the reduction in levels of the PIN2 auxin transporter in clasp-1 mutants is attributed solely to protein degradation with no altered transcript [11] . This places BR signaling upstream of auxin. By repressing CLASP expression, BR will indirectly reduce PIN2 activity, leading to an increased auxin maximum in the root apical meristem.
The significance of the continual cycling of BRI1 between endosomes and the plasma membrane has been debated. Elevated BR signaling has been detected after shifting the equilibrium toward the endosomal pool, where it is suggested BRI1 and its co-receptor BAK1 form functional heterodimers [8, 9] . Yet, interfering with endocytosis to retain BRI1 at the plasma membrane has also been correlated with increased BRI1 signaling [25] . Our data indicate that loss of BRI1 from the plasma membrane in clasp-1 mutants is correlated with a dampening of the BR signaling pathway. This is consistent with BRI1 being internalized to the lytic vacuole, where it is unlikely to be functional, and the reduced sensitivity of clasp-1 mutant root meristems to eBL treatments. In this regard, our study neither supports nor refutes either the endosomal [8, 9] or plasma membrane [25] signaling models. The correlation in clasp-1 of reduced BR signaling and a greater differential gene expression can be explained in part by a reduced repression of many genes normally downregulated by BR. Our data also indicate that in clasp-1 mutants, hormone crosstalk is enhanced, which could also contribute to differential gene expression.
BR's downregulation of CLASP is associated with repression of meristem activity but does not affect cell elongation. It was previously demonstrated that BR upregulates MICROTUBULE DESTABILIZING PROTEIN 40 (MDP40), which facilitates microtubule reorientation during hypocotyl elongation [43] . Notably, CLASP was not identified in the chromatin immunoprecipitation microarray assay that identified MDP40 as a target of BZR1 [44] . This is likely to reflect the fact that the sample materials were Figure S6B ). See also Tables S1 and S2. BL-treated rosette leaves from soil-grown 4-week-old plants, which lack root meristems.
The reduced meristem size and overall reduction in growth in clasp-1 mutants reflect misregulation of hormone signaling and response. Changes to BR, GA, and auxin signaling pathways, as indicated by our transcriptomics analysis, are known to affect the balance of cell division and cell differentiation in root growth [45] . The current findings are also relevant to the tissue-and zone-specific regulation of BR responses in the root apical meristem. Consistent with the finding that BR signaling in the root epidermis is sufficient for controlling meristem size [5] , CLASP and the transfacial microtubule bundles it generates in the cell-division zone are highly concentrated in the epidermis. It is also in the epidermis that the effects of BR on CLASP levels and subcellular distribution and the degradation of BRI1 in clasp-1 mutants are most obvious. A recent spatiotemporal translatome analysis revealed that BR-induced genes prevail in the epidermal cells of the basal meristem, whereas BR-repressed genes prevail in the central tissues of the apical meristem [46] . In contrast to BRI1's ubiquitous expression, its homologs BRI1-like 1 and 3 are expressed in the central tissues [47, 48] . A tissue-specific analysis of the meristem and vascular, epidermal, and ground tissues should provide a high-resolution map of the transcriptional mechanisms underlying the hormone signaling and aberrant growth phenotypes in clasp-1 mutants.
Auxin-BR crosstalk is implicated in various processes including hypocotyl elongation [49] , lateral root development [50] , and gravitropic responses [51] . The molecular link between the two hormones has, however, remained a mystery [52, 53] , although the actin cytoskeleton has been suggested to be a potential integrator [54] . It is already established that CLASP stabilizes PIN2 on the plasma membrane to modulate polar auxin transport [11, 21] . Our current results reveal that CLASP also modulates global BR responses. Together, these findings demonstrate that the microtubule-associated protein CLASP is at the nexus between the auxin and BR pathways controlling the transition between cell division and differentiation.
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Detailed methods are provided in the online version of this paper and include the following: 
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Nicotiana benthamiana
Nicotiana benthamiana plants used for transient expression assays were grown on soil in growth chambers under continuous light at 22 C for 3 weeks.
METHOD DETAILS Molecular Cloning and Plant Transformation
To visualize microtubules, we modified the GFP-MBD (microtubule-binding domain of MAP4) [64] by replacing the Cauliflower mosaic virus 35S promoter with the Ubiquitin 1 promoter (UBQ1 pro ). The microtubule reporter construct UBQ1 pro :GFP-MBD was generated by subcloning smrsGFP followed by a 10 3 alanine linker [2] , and MAP4-MBD [65] into pBluescript as a SalI-SpeI and a SpeI-SacI fragment, respectively. Then the entire GFP-MBD sequence was cut from pBluescript and ligated into a modified pCAMBIA1300 vector containing the UBQ1 pro in the HindIII-SalI site [2] . For the CLASP pro :GFP reporter, the 2 kb CLASP promoter and the smrsGFP followed by a 10 3 alanine linker were cloned into the HindIII-SalI and SalI-SpeI sites of pCAMBIA1300 vector. These constructs were transferred into Agrobacterium tumefaciens GV3101 using the freeze-thaw method [66] . To generate stable transgenic lines, Arabidopsis was transformed by floral dipping [67] . Seeds were screened on 1/2 MS plates with 50 mg/mL hygromycin. Homozygous plants identified from the T3 generation were used for further analysis.
Primers used to make all cloning constructs are shown in Table S3 .
Hormone and Drug Treatments
For BR treatments used in qRT-PCR and microtubule orientation assays, 6 d-old seedlings were placed on half-strength MS (1% sucrose, pH 5.8) plates with EtOH or 10 nM epibrassinolide (eBL; Sigma-Aldrich) for either 2, 4, 6 or 24 hr prior to viewing. To assess plant growth parameters, Arabidopsis thaliana seeds were germinated on media supplemented with either EtOH or indicated concentrations of eBL and grown vertically for 6 days under continuous light at 22 C. Oryzalin (Sigma-Aldrich), FM4-64 (Molecular Probes), and BFA (Molecular probes) were dissolved in DMSO, H 2 O and DMSO to make 10 mM, 5 mM and 10 mM stock solutions, respectively. Drug treatments were carried out by submerging 6-d-old seedlings into 1/2 MS liquid containing 40 mM oryzalin, 4 mM FM4-64 and 50 mM BFA. Solvent was added to mock treatments to ensure equivalent content. For BFA washout experiments, seedlings treated with 50 mM BFA for 1 hr were briefly rinsed and washed in 1/2 MS liquid medium for an additional 2 hr.
Microscopy and Image Analysis 6 or 7-d-old roots were cut and put in an imaging chamber for microscopy as described [11] . Images were captured using a PerkinElmer spinning-disk microscope or a Zeiss Pascal scanning microscope. For the Perkin Elmer system, GFP, YFP and PI were excited by the 488, 514 and 561 nm lasers and detected through 525/36, 540/30, and 595/50 nm emission filters, respectively. For the Zeiss Pascal Microscope, GFP was detected with a 505-600 nm filter. Slice thickness was 0.5 mm.
Images were processed with ImageJ. Meristem size was approximated by measuring the distance and counting the number of cortex cells between the quiescent center and the first cell in the elongation zone following PI staining [68] . For analysis of GFP-MBD-labeled microtubules, average orientation within a given cell was quantified with FibrilTool, an ImageJ plugin [57] .
For GFP-CLASP and GFP fluorescence quantification, 7-day old roots were imaged using the Perkin Elmer spinning disk microscope with either a 20x or 40x oil lens. Stacks of the most apical region (around 100 mm) were taken. Due to the different thickness of roots from tip to bottom and the presence of root cap cells, each root was divided into several parts and z-projections were made for the epidermal layer of each part. Using ImageJ software, fluorescence intensity of each z-projection was measured and then corrected by subtracting background fluorescence readings. Total fluorescence of each root was calculated as the sum of the corrected fluorescence values from all z-projections of each individual root. Then, fluorescence per unit area was calculated and used in figures and statistical analyses. Transverse edge fluorescence was analyzed in epidermal cell files from the division zone of root meristems. Edge fluorescence was quantified by drawing a region of interest around the edges of a single cell file from a compressed Z stack. ImageJ was then used to calculate mean fluorescence intensity using the method described above. The transverse edge fluorescence of cells in the meristem was averaged for each treatment and normalized to the mock samples. Statistical significance was assessed between the mock and eBL treatments with a Mann-Whitney U test.
To visualize cell outlines in root meristems, roots were stained in 10 mg/mL propidium iodide (PI) for 2 min and rinsed with dH 2 O before visualization.
BRI1 fluorescence was analyzed in epidermal cell files in the root meristem using ImageJ software. Cells from near the quiescent center extending to the transition zone were measured in two cell files per root. z-projections were made using the 'sum slices' tool that encompassed the top-most part of the cell and 8-9 mm deep into the cell. The 'segmented line' tool with a pixel width of 3 was used to trace the plasma membrane fluorescence of each cell, while the polygon tool was used to outline the intracellular space. The corrected total fluorescence was calculated using the formula, integrated density -(area of selection x mean fluorescence of background reading) [69] . The plasma membrane fluorescence was then divided by the intracellular fluorescence to obtain the ratio. Statistical significance was assessed between the mock and eBL treatments with a Mann-Whitney U test.
Total RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) Filter paper strips were soaked in liquid half-strength MS supplemented with either DMSO (mock) or 10 nM eBL and placed atop the roots of 6-d-old seedlings for 6 hr as described [5] . Approximately 225 root tips of 6-d-old seedlings were excised directly beneath the differentiation zone (i.e., where root hairs begin to form). Total RNA was isolated with TRIZOL reagent (Invitrogen, Life Technologies) and then treated with DNaseI (Amplification Grade, Invitrogen) to remove any residual DNA contamination. The RNA was reversetranscribed using SuperScript II Reverse Transcriptase (Invitrogen, Life Technologies) to obtain cDNA.
qRT-PCR was performed with SensiFAST SYBR & Fluorescein Mix (BIOLINE) in a Bio-Rad iQ5 thermal cycler. MUSE3 was used as the reference gene [5] . The Pfaffl method [58] was used to calculate relative expression levels.
The gene-specific primers used for DWF4 [70] , CLASP, MUSE3 [5] and BRI1 are shown in Table S3 .
Electrophoretic Mobility Shift Assay (EMSA)
The maltose binding protein (MBP) gene sequence was ligated to BZR1 and BES1 and the MBP-BZR1 and MBP-BES1 fusion proteins were expressed in E.coli BL21 cells then purified with amylose resin (NEB). Oligonucleotide probes (Table S3) were synthesized and annealed and labeled with Biotin 3 0 End DNA Labeling kit (Pierce). The EMSA was carried out using the LightShift Chemiluminescent EMSA kit (Thermo-Fisher), following the manufacturer's instructions. Proteins and probes were incubated in 1 3 binding buffer supplemented with 2.5% glycerol, 5 mM MgCl 2 , 50 ng/ml Poly (dI$dC) and 0.05% NP-40 in a total volume of 20 ml. The reaction mixtures were separated in a 6.5% native polyacrylamide gel and transferred onto a Hybond-N + nylon membrane (Amersham) after incubation at room temperature for 20 min. Biotin-labeled DNA was detected chemiluminescently based on the instructions. 20 fmol of labeled DNA, 4 pmol and 20 pmol of unlabelled competitor DNA were used.
Tobacco Leaf Transient Expression System for CLASP Promoter Activity A 2-kb genomic DNA fragment upstream of the ATG start codon of the CLASP gene was PCR-amplified and cloned into HindIII-SalI sites of pBluescript. To mutate the CLASP promoter, site-directed mutagenesis was performed to replace the CGTGTG sequence in P3 region with AAAAAA using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies). The two versions of the CLASP promoter were then digested from pBluescript and cloned into pBI101.1 binary vector to generate the CLASP pro :GUS and CLASP mpro :GUS reporters. The BZR1 binding motif CGTGTG was mutated to aaaaaa. BZR1 and BES1 full-length cDNA were PCR-amplified using attB primers and cloned into the gateway compatible entry vector pDONR221 (Invitrogen, Life Sciences) and then shuttled into the binary destination vectors pGWB5 and pGWB6 [55] to create the effectors 35S pro :BZR1/BES1-GFP and 35S pro :GFP-BZR1/BES1. Primers used were shown in Table S3 . Co-infiltration and the subsequent GUS activity quantification were carried out according to Liu et al., 2014 [71] . Agrobacterium tumefaciens GV3101 containing effector (35S pro :GFP or 35S pro :GFP-BZR1 or 35S pro :BES1-GFP), reporter (CLASP pro :GUS or CLASP mpro :GUS) and the p19 RNA silencing suppressor [56] were collected and suspended in infiltration buffer (10 mM MES, pH 5.7, 10 mM MgCl 2 and 200 mM acetosyringone) to an OD600 ratio of 0.7:0.7:1. The cultures were infiltrated into 3-week-old Nicotiana benthamiana leaves using a syringe. Infiltrated regions were marked and harvested after 48 hr. For each combination, about 100 mg tissue from 5 to 10 infiltrated regions was harvested and ground in liquid nitrogen and mixed with 200 mL GUS extraction buffer (50 mM NaHPO 4 , pH 7.0, 10 mM b-mercaptoethanol, 10 mM Na 2 EDTA, 0.1% SDS, and 0.1% Triton X-100). Supernatant was transferred to a fresh tube after centrifugation at 12,000 rpm for 10 min at 4 C. Then protein concentration was measured using Bradford reagent (Bio-rad). For GUS activity assays, 100 mL of supernatant containing 50 mg protein was mixed with 100 mL of GUS assay buffer (1 mM 4-methylumbelliferyl-b-d-glucuronide [Sigma-Aldrich] in extraction buffer). A 50 mL aliquot was immediately transferred into 2 mL of stop buffer (0.2 M Na 2 CO3) to be used as a control. The remaining 150 mL was covered with aluminum foil and incubated at 37 C. At different time points, 50 mL aliquots were removed and added to 450 mL of stop buffer (0.2 M
